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ABSTRACT: The effects of reduction by H2 and by heat treatment in
vacuum and in O2 flow on Rh particle size changes of Rh/CeO2
samples were studied by X-ray photoelectron spectroscopy (XPS),
high-resolution electron microscopy (HRTEM), and CO adsorption
followed by diffuse reflectance infrared spectroscopy (DRIFTS). Low-
temperature (373−423 K) reduction of Rh without agglomeration is
demonstrated. An average particle size of 2.3 ± 1.1 nm was measured
by HRTEM regardless of the metal loading (1−5%). On Rh/CeO2, a
significant particle size increase of the Rh particles was detected on
heating (773 K). In this work, we suggest that the temperature-induced
surface decrease resulting from the sintering of Rh is favored only for
well-dispersed particles. XP spectra revealed that the mobile oxygens of
CeO2 fundamentally determine the oxidation state of the supported
metals. At elevated temperature, the oxidation of the reduced support
surface as well as the metal component takes place because of the segregation of ceria oxygens. When the aggregated particles
were reoxidized, the redispersion of Rh was observed probably because of the formation of Rh−O−Ce bonds.
1. INTRODUCTION
Highly dispersed metal nanoparticles are attracting increasing
amounts of attention in the catalysis and surface science
communities as a result of their unusual physical−chemical
properties. In heterogeneous catalysis, it is a well-known
phenomenon that the state and the structure of a catalyst can
be drastically altered during the catalytic reaction, and in many
cases, the real catalyst is formed by the effects of the reacting
system. Catalysts used in several commercial chemical
processes consist of nanoparticles, usually in the 1−10 nm
size range. In many cases, the size and composition of the active
site determine the activity of the catalyst and the reaction
path.1−6 Supported metals such as rhodium may undergo
coalescence and various morphological changes during
preparation, heat treatment, and reduction. Although in general
the pretreatment of the catalysts is carried out at elevated
temperature inducing sintering of the noble metal, in most
cases this heating procedure is not necessary to obtain fully
reduced noble metals. On the other hand, when the support
degrades under heating (e.g., titanate nanostructures),7,8 low-
temperature pretreatment methods are required. In several low-
temperature reactions including CO2 hydrogenation
9,10 and
certain photoinduced catalytic processes,11,13 the particle size
plays an important role, so the high-temperature reduction step
of the metal oxide, which may lead to sintering, should be
avoided. Therefore, the detailed investigation of morphological
changes during the reduction and heat treatment is very
important in many catalytic systems.
Rhodium supported on CeO2 is a very active catalyst in
several reactions. The best catalysts for the simultaneous
reduction of NO and the oxidation of CO and hydrocarbons
contain mainly Pt, Pd, and Rh as active components; however,
other species, including ceria, are also added to enhance the
catalytic performance.14,15 It was reported that Rh/ceria is an
excellent water−gas shift catalyst.16,17 Furthermore, it was
revealed that ceria-supported Rh was a promising catalyst for
carrying out the steam reforming of ethanol18−23 and
methane.24 Until now, in efforts to elucidate how interactions
between CeO2 and Rh affect the catalytic performance, several
research groups have used surface science tools to study the
reactivity of real and well-defined model systems.15,25−30
Recently, it was found that the Rh + Co/ceria system was an
excellent catalyst for the ethanol steam reforming (ESR)
reaction. The addition of a small amount of Rh as a promoter
to the Co/CeO2 catalyst resulted in a significant further
increase in the hydrogen selectivity.21,22 At the same time,
attention is paid to the oxygen reservoir property of CeO2.
31,32
Several hypotheses have been put forward, including electron
transfer from ceria to Rh particles, structural variation in the Rh
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particles, and oxygen spillover from Rh to ceria.28 Low-
temperature oxygen migration from ceria to Rh was also
proposed in the ceria−rhodium interaction; in addition, the
Rh−O−Ce bond could be formed.15,27,29,30 HRTEM images
and XP spectra showed significant agglomeration without
encapsulation on our Rh/CeO2 samples, up to 773 K.
33
In the work presented here, we have focused on the
morphological changes of Rh during the preparation process.
The application of impregnated samples instead of model
systems makes it possible to obtain Rh species with oxidation
states between 0 and +3. We demonstrate the sintering of
reduced Rh under reduction and heat treatment. In order to
avoid the formation of large Rh particles during reduction, we
describe the low-temperature reduction process of Rh. After
that, the changes upon subsequent thermal treatment and
reoxidation are presented. We also demonstrate the stabiliza-
tion effect of cobalt ad-species on Rh particle size on the ceria
support during heat treatment.
2. EXPERIMENTAL PROCEDURE
To acquire information on the effect of the quantity of Rh and the Co
addition, three samples were prepared: 1% Rh/CeO2, 1% Rh + 2%
Co/CeO2, and 5% Rh/CeO2. The catalyst support (CeO2, Alfa Aesar,
43 m2/g powder) was first calcined at 973 K, then it was impregnated
with aqueous solutions of RhCl3·3H2O (Johson Matthey) to yield a
nominal metal content of 1 or 5 wt %, and finally, the catalysts were
dried at 383 K. For the 1% Rh + 2% Co/CeO2 catalyst, CeO2 was
impregnated with an aqueous solution of Co(NO3)2 for up to 2 wt %
Co content and was calcined at 973 K. Subsequently, the same sample
was impregnated with the RhCl3·3H2O solution and was dried at 383
K. The powders were pressed into pellets. Before measurements, they
were oxidized at 673 K in flowing O2 for 20 min.
XP spectra were taken on a SPECS instrument equipped with a
PHOIBOS 150 MCD 9 hemispherical electron energy analyzer using
Al Kα radiation (hν = 1486.6 eV). The X-ray gun was operated at 210
W (14 kV, 15 mA). The analyzer was operated in FAT mode with the
pass energy set to 20 eV. For data acquisition and evaluation, the
manufacturer’s softward (SpecsLab2) and commercial (CasaXPS,
Origin) software were used. The binding-energy scale was corrected by
fixing the Ce 3d u‴ peak to 916.6 eV (Figure S1).34 For spectrum
deconvolution, the “Curved” named background (supplied by the
CasaXPS software), the general Gaussian−Lorentzian (30−70) line
shape, and the original asymmetric Rh 3d line shape were used. The
Ce3+/(Ce3+ + Ce4+) ratio was calculated on the basis of Zhang et al.35
For XPS studies, the powder samples were pressed into pellets of ca.
1 cm diameter and a few tenths of a millimeter in thickness. Sample
treatments were carried out in a high-pressure cell connected to the
analysis chamber via a gate valve. After the different steps of the
experiments, the samples were cooled to room temperature in flowing
nitrogen. Then, the high-pressure cell was evacuated, and the sample
was transferred to the analysis chamber under high vacuum (i.e.,
without contact with air), where the XP spectra were recorded. As the
next step, the sample was moved back into the catalytic chamber,
where it was heated to the desired temperature under N2, and then the
gas flow was changed to H2 or O2. Nitrogen was not applied in the
agglomeration studies.
The same samples were used for XPS measurements throughout the
experiments. During the low-temperature reduction, the sample was
reduced for 15 min at the desired temperature that was increased
stepwise between two cycles (low-temperature reduction). Agglomer-
ation studies in vacuum were carried out in the 10−8 mbar pressure
range at 773 K for 1 or 2 h (heating), followed by oxygen treatment at
673 K for 30 or 60 min (reoxidation). In a separate experiment, fresh
samples were reduced at 773 K for 1 h (high-temperature reduction).
The morphology of ceria and metal-modified ceria was charac-
terized by transmission electron microscopy (FEI Tecnai G2 20 X-
Twin; 200 kV operation voltage, magnification 180 000×, 125 pm/
pixel resolution). The metal particle size distribution was determined
using ImageJ software. At least five representative images of equal
magnification taken at different spots on the TEM grid were subjected
to rolling ball background subtraction and contrast enhancement, and
then the diameter of the metal nanoparticles was measured against the
calibrated TEM scale bar. Each diameter distribution histogram was
constructed from 200 individual nanoparticle diameter measurements.
Figure 1. Rh 3d spectra during stepwise reduction for 5% Rh/CeO2 (A), 1% Rh/CeO2 (B), and 1% Rh + 2% Co/CeO2 (C). (D) Comparative figure
of 1% Rh/CeO2 with and without 2% Co, after reduction at 373 K for 15 min.
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DRIFT spectra were recorded using an Agilent CARY-670 FTS-135
FT-IR spectrometer equipped with a diffuse reflectance attachment
(Harrick) with BaF2 windows. Typically, 256 scans were registered at a
spectral resolution of 2 cm−1. All spectra were recorded at 293 K. The
whole optical path was purged with N2 from liquid N2.
3. RESULTS AND DISCUSSION
3.1. Low-Temperature Reduction. In our previous work,
it was demonstrated that after 1 h of reduction at 773 K a
significant Rh 3d intensity decrease was observed by XPS
(Figure S2) and was due to the increase in Rh particle size
verified by TEM.33 At this point, a stepwise temperature-
dependent reduction experiment was started to find the lowest
temperature for the complete reduction of Rh, which has not
yet been done in the literature. Even after oxidation, easily
detectable Cl 2p and 2s signals contributed to the survey
spectra, and the Rh 3d spectra did not change significantly
compared to those of the as-received state (the 5/2 component
was located at 309.2 eV). This indicates that Rh is in an
oxychloride or hydroxychloride form. However, it cannot be
excluded that some Cl migrates to the support, forming CeIII-
oxychloride.36,38 By the end of treatments in H2, the residual Cl
was removed.
As depicted in Figure 1A, no reduction took place for 5%
Rh/CeO2 up to 323 K; however, when the temperature was
raised to 348 K, an asymmetric Rh 3d spectrum could be
detected with a shoulder at lower binding energies. After H2
treatment at 373 K for 15 min, the Rh content was in the
metallic state in full as proven by the binding energy (307.1 eV
for the 5/2 component) and the characteristic line shape of
Rh0.
At lower Rh content (1%), the experiment was longer
because after treatment at 348 K the Rh 3d spectrum was still
very similar to that detected in the oxidized state (Figure 1B).
Although significant reduction took place at 373 K in the first
15 min, no further change could be detected after longer H2
treatment at the same temperature. Upon reduction at 393 K
for 30 or 45 min, almost all of the Rh content became metallic;
nevertheless, the temperature was set to 423 K to make sure
that the reduction was complete.
The same experiment was carried out with 1% Rh + 2% Co/
CeO2 (Figure 1C). On the basis of the XPS results, it can be
concluded that the presence of a Co additive enhanced the
reduction of Rh. Similar to the Co-free case, 373 K was the
lowest temperature for unambiguously starting the reduction.
However, it went further on this sample as the Rh0 (%) peak
area increased compared to the total Rh content (it was 73%
instead of 51%, Figure 1D). TPR results on oxide-supported Rh
catalysts generally show the opposite trend, (i.e., the maximum
in the H2 consumption is at higher temperature when Co or
another transition metal is added39). This difference in
reducibility was explained either by the difference in
dispersion40,41 or the enrichment of the Rh surface in the
promoters.42,43 On the other hand, it can be concluded from
the present results that a long duration treatment at a
temperature between the threshold temperature and the TPR
peak maximum is sufficient only to reduce a certain amount of
Rh. To reduce more metal, the temperature must be increased.
These observations suggest a stepwise mechanism, which has a
significant temperature dependence; however, as shown by this
XPS study, the time effect is not negligible either.
No change in the Rh 3d peak area occurred up to the total
reduction for any of the catalysts; this is one of the conclusions
of the XPS experiments. These experimental results indicate
that significant agglomeration does not occur during low-
temperature reduction, as also supported by FTIR studies.
The corresponding curves in Figure 2 show the CO
absorption bands over 1 and 5% Rh/CeO2 samples after low-
temperature reduction. Over the 1% Rh/CeO2 sample, the
exclusive adsorption of gem-dicarbonyl species (2034 and 2104
cm−1) is demonstrated, proving the presence of highly
dispersed particles.44,46 Over the 5% Rh/CeO2 sample, an
additional weaker band at 2067 cm−1 also emerged as a result of
the linear adsorption mode corresponding to some larger
particles, but twin bonding was predominant. The signal at
2140 cm−1 is assigned to a minor number of unreduced Rh3+
ions.47 When these samples were reduced at 773 K for an hour,
the proportion of the linearly bonded species increased
significantly in both cases as a result of the increased Rh
particle size.
3.2. Temperature-Induced Sintering. After the stepwise
reduction experiments, the sintering of metallic Rh and its
reversibility were studied in detail. The samples reduced at 373
or 423 K were kept at 773 K under vacuum for 1 and 2 h,
respectively, and then the same samples were oxidized at 673 K
for 30 and 60 min. It has been shown that, on heating, Rh
supported on CeO2
28,48 or other oxides tends to sinter.5,49,50
On heating, a significant XPS intensity decrease was detected
for the 1−5% Rh/CeO2 samples in the Rh 3d region (Figure
3A,C, Table 1).
During the experimental work leading to our previous paper,
after reduction at 773 K, a significant decrease in the Rh 3d
peak intensity was observed. It was proven by EDX
measurement that the Rh content did not change during this
process, and X-ray diffractometry revealed no interaction with
CeO2; therefore, sublimation or dissolution into the support
cannot be responsible for these changes in XPS intensity.33
Transmission electron microscopy revealed that the average
particle size was similar on both samples after low-temperature
reduction (2.3 ± 1.1 nm), thus the particle density must be
different on the surface. After heating, the average particle
diameter increased to 3.3 ± 2.0 nm for 5% Rh and 2.5 ± 0.9 nm
for the 1% Rh/CeO2 sample (Figure 4).
Figure 2. FTIR spectra after CO adsorption over 1 and 5% Rh/CeO2
after low- (423, 373 K) and high-temperature (773 K) reduction.
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In contrast, the relative XPS peak area changes included in
Table 1 suggest a larger alteration for the 1% Rh/CeO2 sample
than for the one with 5% Rh. Because a wide range of Rh
particle sizes were measured on the samples, it is worth paying
attention to the particle size distributions (Figure 5). Here, it
can be seen clearly that at high Rh content the sample became
more heterogeneous: new, larger particles appeared, while for
the 1% Rh/CeO2 sample, the ratio of the smaller particles only
decreased. This difference is attributed to the different particle
numbers and the statistical growth of Rh. The coalescence of
the very small metal particles could be the first step, which
induces a more significant alteration in the surface area and
intensity loss in XPS.
Not only the particle size increase but also, for reducible
oxides such as CeO2, the decoration effect can reduce the
available surface.51,52 Here, this phenomenon plays only a
minor role because no intensity change in the CO vibrational
region was detected even after high-temperature (773 K)
reduction (Figure 2), similar to what was found by Bernal et
al.53 and in line with former results proving that decoration
occurs only on Rh/CeO2 reduced at temperature higher than
773 K.53−55
Another interesting phenomenon is that the Rh 3d peak
maximum shifted to lower values after heating at every Rh
content. No relationship could be detected among the Rh 3d,
Ce 3d, and O 1s spectra, which would unambiguously indicate
bonding type changes. Unfortunately, this shift can be detected
only for samples that had been stored under high vacuum,
which makes a structural study by TEM impossible in our
systems. However, for Au particles, some papers have already
been published dealing with the separation of the initial and the
final state effects in XPS. It was reported that the more
spherical the particles are, the lower the average coordination
number on the surface is, and the more dominant initial state
effect causes the binding energy shift to lower values.56,57 In
studies concerning Rh oxides, negative Rh 3d binding energy
shifts were also ascribed to the metal−metal oxide interface.58,59
Because at this stage of experiment no Rh oxide was detected
by XPS, a more relevant explanation could be the strong
electronic interaction between the support and the supported
metal playing an important role in heterogeneous cataly-
sis.8,60,61 Sevcikova et al. also found a negative shift in the Rh 3d
spectra of Rh supported on reduced CeO2, having been
attributed to the net negative charge on Rh resulting from Ce−
Rh charge transfer.62 The contribution of this effect is also
possible in this case.
Figure 3. Rh 3d spectra of 5% Rh/CeO2 (A), 1% Rh/CeO2 (C), and 1% Rh + 2% Co/CeO2 (D) after reduction, heating to 773 K in vacuum, and
oxidation at 673 K as well as Ce 3d spectra of 5% Rh/CeO2 (B). Comparative results on 1% Rh/Al2O3 (E).
Table 1. Relative Rd 3d Peak Areas (%)a after Vacuum
Agglomeration (after Reduction at Low Temperature) and
Consecutive Reoxidation Experimentsb
sample
reduced in
H2 at 773 K
in vacuo
773 K 1 h
in vacuo
773 K 2 h
O2 673 K
30 min
O2 673
K 1 h
5% Rh/CeO2 72 90 70 75 81
1% Rh/CeO2 48 61 48 63 74
1% Rh + 2%
Co/CeO2
45 ∼100 ∼100
aPeak areas were referenced to the peaks obtained after low-
temperature reduction: 15 min in H2 at 673 K for 5% Rh/CeO2
and 15 min in H2 at 423 K for 1% Rh/CeO2 and 1% Rh + 2% Co/
CeO2.
bComparative results on high-temperature reduction (separate
experiment) are in the first column.
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For 1% Rh/CeO2, trends similar to those for 5% Rh can be
observed; however, the effects of both the agglomeration and
redisruption were enhanced (Figure 3C, Table 1).
Bernal et al.54 in their extended reduction and reoxidation
HREM studies with Rh supported on low-surface-area CeO2
(11 m2/g) reported similar observations that are included in the
present work but in different temperature regimes. The Rh
particle size started to increase at the 973 K reduction
temperature, and this effect was significant at 1173 K. In
addition, decoration by CeO2 was observed over these two
samples. Reoxidation up to 773 K did not result in changes in
the Rh particle size; however, treatment at 1173 K induced
smaller metal particles. This comparison points out the
importance of the different experimental details (e.g., surface
area and preparation methods); nevertheless, the general
behavior of the systems is analogous.
Concerning Pd/Ce0.5Zr0.5O2 catalysts, it was shown that the
heat treatment in H2 or N2 induced the agglomeration of the
precious metal; however, in the presence of O2, this effect was
hindered. When Pd was supported on Al2O3, a severe increase
in particle size took place regardless of the aging atmosphere.63
After calcination, the Pd/Ce0.5Zr0.5O2 samples were treated
with O2-containing gas, and the redispersion of Pd particles was
detected, which has a significant dependence on the cooling
rate.64 All of these observation were attributed to the probable
formation of a Pd−O−Ce bond anchoring the Pd particles and
inhibiting agglomeration. Similar effects were proposed for Au
and Pt.65−67 As far as Rh is concerned, the presence of Rh−O−
Ce bonding was detected in Rh/CeO2/SiO2 and Rh/CeO2
samples by EXAFS.30,68
Dictor et al. reported similar results on a CeO2-doped Rh/
Al2O3 sample.
69 In their work, FTIR spectroscopy was applied
to characterize the morphology of Rh, while prolonged heating
was applied to CO or H2, resulting in the diminishing of
dicarbonyl bands, indicating the agglomeration of Rh. After O2
pulses at 673 K, the redispersion of the metal was observed. It
was stated that the CeO2-promoted sample was more resistant
toward agglomeration than the unpromoted one. Nevertheless,
in our separate experiment with 1% Rh/Al2O3, no Rh 3d
intensity decrease took place after reduction (Figure 3E);
however, in the reduced state, the total peak area was only half
of the value at 1% Rh/CeO2 (Figure 3C), suggesting larger
particles. It is assumed that above a specified particle
distribution sintering is not favored.
To underline the previous statement, comparative results are
depicted in Figure S2 on 1% Rh/CeO2 reduced at low or high
temperatures. When reduced at 773 K (separate experiment),
Rh gave a dramatically lower 3d peak intensity than after low-
temperature reduction, predicting larger particle sizes resulting
from the double effect of heat treatment and reducing
conditions (Table 1, Figure S2). Similar results were obtained
for the 5% Rh/CeO2 sample. However, when 1% Rh/CeO2 was
linearly heated to 773 K in N2 after high-temperature reduction,
only one new component was detected at 308.8 eV as a result
of oxygen spillover to Rh without any additional peak area
changes. Here, it is intended to show that when extremely
sintered Rh particles are heated under an inert atmosphere,
additional aggregation hardly takes place. On the other hand,
the oxygen spillover from CeO2 is not enough to fully oxidize
and disrupt the particles.
The addition of 2% Co changed the behavior of the sample
completely; after heating, only a minor peak shift was observed
without a decrease in the Rh 3d peak area (Figure 3D). Most
particles had a diameter of between 1 and 1.5 nm (Figure 4),
thus it can be concluded that Co inhibits the formation of large
Rh particles. In the literature, the enrichment of the transition
metal on the noble metal surface is also suggested.70,71 This
could have an effect on the coalescence of Rh particles as well
Figure 4. TEM images of 5% Rh/CeO2, (A, B) 1% Rh/CeO2 (C, D),
and 2% Co + 1% Rh/CeO2 (E, F) after low-temperature reduction and
heat treatment, respectively. Rh particles appear as small, round dark
spots on the significantly larger CeO2 particles; Co is not discernible in
panels E and F.
Figure 5. Rh particle size distributions of 5% Rh/CeO2 after reduction
(A) and 2 h of heating (B) and 1% Rh/CeO2 after reduction (C) and
heating (D).
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as the alloy formation between Co and high Rh content. A
behavior like this was identified for Rh/MgO by EXAFS and
FTIR CO adsorption studies.71−73
In our case, the total amount of Co is still in the oxidized
state after the low-temperature reduction; therefore, alloy
formation is not likely. In addition, referring to our previous
results in which a wide range of Co−Rh samples with different
Co−Rh contents were studied, the Rh 3d and Co 2p binding
energies did not shift in the bimetallic samples compared to in
the monometallic ones.33 DRIFT spectra could not prove the
formation of bimetallic particles either. Co dissolved into the
support so strongly, as proven by the combination of XPS and
low-energy ion scattering spectroscopy (LEIS), that it could not
been studied by either XRD or TEM. On the basis of the lack
of the strong electronic interaction and the similarity of the Rh
particle sizes on 1% Rh/CeO2 and 1% Rh + 2% Co/CeO2, we
suggest that Rh and the well-dispersed Co species (mainly
Co2+) form separate phases. These objects must be close to
each other because hydrogen spillover can take place. Co could
inhibit the sintering of Rh by blocking its migration.
In Table 1 it is demonstrated that on heating in H2, a
comparable peak area decrease occurred over the 1% Rh + 2%/
CeO2 sample comparable to that after 2 h of heating in vacuum
over the 1% Rh/CeO2 sample, indicating the importance of the
atmosphere. The dispersing effect of Co on Rh is still valid
because the starting Rh 3d peak area is significant larger in the
presence of Co, thus smaller particles must be considered at the
beginning and, consequently, after sintering.
3.3. Effect of the CeO2 Oxygens and the Reoxidation
of Rhodium. In addition to the former observations
concerning temperature-induced agglomeration, the partial
oxidation of Rh at 5% during 2 h of heating was also detected.
Taking into account the previous results with similar samples,
this can be related to the enhanced O mobility of CeO2 at high
temperature.33 The addition of more Rh resulted in a more
intense reduction of CeO2 (the Ce
3+/(Ce3+ + Ce4+) ratio was
27% compared to 23% at 1% Rh, Figure S1), causing a steeper
O gradient, which can enhance the segregation of O (Figure
3B). By the end of the 2 h long heating, the Ce3+ content
decreased to 10%, similar to the value obtained after oxidation.
A similar trend was observed over 1% Rh/CeO2 and 1% Rh +
2% Co/CeO2 but with much smaller spectral changes. On the
other hand, the various reduction state of a reducible oxide can
also influence the agglomeration process because O vacancies
of the oxide support stabilize the dispersed state.74−77 However,
the effect here is controversial because, according to some
theoretical work, Rh does not tend to sit inside the vacancies;78
moreover, subsurface vacancies are more stable than the ones in
the topmost layer.79
In some work, enhanced O-storage capacity by supercharging
(presence of surface superoxide ions (O2
−)) on the surface was
concluded for small CeO2 particles,
80−82 while the photo-
catalytic activity of ceria was attributed to the formation of
superoxide radicals.83,84 Significant changes in the O 1s region
was observed only for high Rh content (Figure 6). The main
peak centered at 529.3 eV is unambiguously identified as ceria
lattice oxygen. Because the intensity of the smaller component
at 531.2 eV was similar after oxidation and reduction, it is
attributed to the presence of surface −OH groups rather than
to vacancy-related species.82,85,86 Water (533.1 eV) was
removed by heat treatment, and a new component emerged
at 530.2 eV. Comparing it with our Rh 3d results, in which after
2 h of heating part of the Rh was oxidized and after oxidation
Rh was in the oxidized state completely, we ascribe it to metal-
bonded O and OH species on the surface of the Rh
particles.87,88 The intensity discrepancy can be due to the
different stoichiometry. After 2 h of heating, oxygen was
deposited on top of the Rh particles, but during oxidation,
Rh2O3 formation took place. Similar reverse O-spillover from
CeO2 to Pt was demonstrated by Vayssilov et al.
89 as well as by
Zafiris et al. for Rh/CeO2.
15 On Pt/CeOx/TiO2(110), Bruix et
al. obtained the same effect.90 Lin et al. demonstrated by 18O
labeling that the oxygen in reoxidized PtOx definitely originated
from the ceria lattice instead of the O2 reagent. They also
emphasized the role of the surface OH group in the
stabilization of dispersed particles.67
When reoxidized in O2 flow after agglomeration, in the 1−
5% Rh/CeO2 samples, the Rh 3d5/2 peak was located at 308.8
eV with a larger fwhm than after oxidation pretreatment at the
beginning (Figures 1A,B and 3A,C). It is attributed to the
formation of Rh2O3; nevertheless, the contribution of Rh-
oxides with other stoichiometry cannot be excluded.58,91,92 In
Figure 3A,C and Table 1, it is well demonstrated that the peak
area also increased stepwise under oxidation. According to
TEM measurements, most Rh particles had diameters in the 1−
1.5 nm region.
As an additional experiment, we probed the temperature-
induced agglomeration on the oxidized 1% Rh/CeO2 sample
and summarized the results in Figure 7. The supported metal
was fully reduced after the first hour of heating, and similar Rh
3d peak area changes were obtained to that found on the
reduced sample. On the other hand, CeO2 exhibited opposite
behavior compared to the previous observations in this work,
and it was slightly reduced under heating. The increased
number of O vacancies in CeO2 on heating has been frequently
presented.85,93 Considering that on the as-received sample and
on the metal-free CeO2 no changes took place (not shown), the
release of O2 molecules is assumed, which is catalyzed by Rh.
Experimental and theoretical studies verify that the addition of
noble metals enhances the reduction of CeO2 as a result of the
appearance of metal-induced gap states, which offer the
opportunity to accommodate extra electrons.94−96
Figure 6. O 1s spectra of 5% Rh/CeO2 after oxidization, total
reduction, heating, and reoxidation.
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4. SUMMARY AND CONCLUSIONS
The effects of metal loading and the Co additive on the
temperature-induced agglomeration of Rh were studied in Rh/
CeO2 and Rh + Co/CeO2 samples. Our conclusions are
summarized as follows.
(1) XPS revealed that Rh supported on CeO2 can be reduced
at low temperature (at 373 K for 5% Rh and 423 K for 1% Rh
content). The Rh 3d peak areas did not change until complete
reduction. Carbon monoxide was adsorbed as gem-dicarbonyls
over 1% Rh, and over 5% Rh, it was predominant as well. Thus,
it was concluded that the Rh content can be reduced in the
373−423 K temperature range without the aggregation of the
metal particles. TEM investigations proved that the average
particle size was similar at 1−5% Rh loadings (∼2.3 nm);
however, the particle size distribution is heterogeneous.
(2) On the basis of the Rh 3d intensity decrease and TEM
measurements a particle size increase was detected over the
Rh/CeO2 samples after heating in vacuum. From comparative
studies with Rh/Al2O3 and Rh/CeO2 reduced at 773 K, we
suggest that at a given particle size distribution the
agglomeration process is no longer favore. Because no intensity
decrease took place in the CO vibration region in our DRIFT
experiment, we attribute only a minor role to the encapsulation
of Rh by CeO2. The addition of Co prohibited the sintering
process when the sample was heated in vacuum.
(3) The oxygen treatments at elevated temperature (673 K)
were able to redisperse the aggregated Rh particles, probably
because of the formation of Ce−O−Rh bonds.
(4) XP spectra revealed that the mobile oxygens of CeO2
fundamentally determine the oxidation state of the supported
metals. At elevated temperature, the oxidation of the reduced
support surface and the metals takes place because of the
segregation of oxygen species originating from ceria at the
surface. On the other hand, the oxidized CeO2 surface can
release oxygen easily in the presence of Rh accompanied by the
reduction of the noble metal.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
muir.5b04482.
Deconvoluted Ce 3d spectrum of 5% Rh/CeO2 after
low-temperature reduction and Rh 3d spectra of 1% Rh/
CeO2 (PDF)
■ AUTHOR INFORMATION
Corresponding Author
*E-mail: jkiss@chem.u-szeged.hu.
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
This work was supported by the Alexander von Humboldt
Foundation within the Research Group Linkage Program.
■ REFERENCES
(1) Musselwhite, N.; Somorjai, G. A. Investigations of structure
sensitivity in heterogeneous catalysis: From single crystals to
monodisperse nanoparticles. Top. Catal. 2013, 56, 1277−1283.
(2) Freund, H.-J.; Nilius, N.; Risse, T.; Schauerman, S. A fresh look at
an old nanotechnology: catalysis. Phys. Chem. Chem. Phys. 2014, 16,
8148−8167.
(3) Goodman, D. W. Chemistry: Precious little catalyst. Nature 2008,
454, 948−949.
(4) Park, J. Y.; Zhang, Y.; Grass, M.; Zhang, T.; Somorjai, G. A.
Tuning of catalytic CO oxidation by changing composition of Rh-Pt
nanoparticles. Nano Lett. 2008, 8, 673−677.
(5) Berko,́ A.; Solymosi, F. Adsoption-induced structural changes of
Rh supported by TiO2(110)-(1 × 2): An STM study. J. Catal. 1999,
183, 91−101.
(6) Frank, M.; Kühnemuth, R.; Baümer, M.; Freund, H.-J. Oxide-
supported Rh particle structure probed with carbon monoxide. Surf.
Sci. 1999, 427−428, 288−293.
(7) Morgado, E., Jr.; de Abreu, M. A. S.; Moure, G. T.; Marinkovic, B.
A.; Jardim, P. M.; Araujo, A. S. Effects of thermal treatment of
nanostructured trititanates on their chrystallographic and textural
properties. Mater. Res. Bull. 2007, 42, 1748−1760.
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Kukovecz, Á.; Erdőhelyi, A.; Końya, Z.; Kiss, J. Rh-induced support
transformation phenomena in titanate nanowire and nanotube
catalysts. Langmuir 2013, 29, 3061−3072.
(9) Iizuka, T.; Tanaka, Y.; Tanabe, K. Hydrogenation of CO and CO2
over rhodium catalysts supported on various metal oxides. J. Catal.
1982, 76, 1−8.
(10) Karelovic, A.; Ruiz, P. CO2 hydrogenation at low temperature
over Rh/γ-Al2O3 catalysts: Effect of the noble metal particle size on
catalytic performances and reaction mechanism. Appl. Catal., B 2012,
113−114, 237−249.
(11) Henderson, M. A. A surface science perspective in TiO2
photocatalysis. Surf. Sci. Rep. 2011, 66, 185−297.
(12) Watson, A. M.; Zhang, X.; de la Osa, R. A.; Sanz, J. M.;
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P.; Tsud, N.; Skaĺa, T.; Bruix, F.; Illas, F.; Prince, K. C.; Matolin, V.;
Neyman, K. M.; Libuda, J. Support nanostructure boosts oxygen
transfer to catalytically active platinum nanoparticles. Nat. Mater.
2011, 10, 310−315.
(90) Bruix, A.; Rodriguez, J. A.; Ramirez, P. J.; Senanayake, S. D.;
Evans, J.; Park, J. B.; Stacchiola, D.; Liu, P.; Hrbek, J.; Illas, F. A new
type of strong metal-support interaction and the production of H2
through the transformation of water on Pt/CeO2(111) and Pt/CeOx/
TiO2(110) catalysts. J. Am. Chem. Soc. 2012, 134, 8968−8974.
(91) Nefedov, V. I.; Firsov, M. N.; Shaplygin, I. S. Electronic
structures of MRhO2, MRh2O4, RhMO4 and Rh2MO6 on the basis of
X-ray spectroscopy and ESCA data. J. Electron Spectrosc. Relat. Phenom.
1982, 26, 65−78.
(92) Tolia, A. A.; Smiley, R. J.; Delgass, W. N.; Takoudis, C. G.;
Weaker, M. J. Surface oxidation of rhodium at ambient pressures as
probed by surface-enhanced Raman and X-ray photoelectron spectros-
copies. J. Catal. 1994, 150, 56−70.
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